B cell antigen receptor signals development, activation, proliferation, or apoptosis of B cells depending on their condition, and its proper signaling is critical for activation and homeostasis of the immune system. The B cell-restricted adaptor protein BASH (also termed BLNK͞SLP-65) is rapidly phosphorylated by the tyrosine kinase Syk after BCR ligation and binds to various signaling proteins. BASH structurally resembles SLP-76, which is essential for T cell development and T cell receptor signaling. To evaluate the role for BASH in B cell development and function in vivo, we disrupted BASH alleles in embryonic stem cells by means of homologous recombination and used these cells to complement lymphocyte-incompetent blastocysts from RAG2-deficient mice. In the resultant chimeric mice, T cell development was apparently normal, but B cell development was impaired, and a normally rare population of large preB cells expressing preB cell receptor dominated in the bone marrow in place of small preB cells, although they were mostly noncycling. In addition, the mature B cell populations in the periphery and the bone marrow profoundly decreased in size, as did B-1 cells in the peritoneal cavity, and serum Ig was severely reduced. The BASH-deficient B cells scarcely proliferated or up-regulated B7-2 in response to BCR ligation and poorly proliferated upon CD40 ligation or lipopolysaccharide stimulation. This phenotype indicates that BASH is critical for preB cell receptor signaling inducing proliferation of large preB cells and the following differentiation, for peripheral B cell maturation, and for BCR signaling inducing activation͞proliferation of B cells.
A ntigen receptor complex on B cells (BCR) is composed of a membrane-form of Ig H chain, Ig L chains, and Ig-␣͞Ig-␤ (CD79a͞b) cytoplasmic components. Upon binding to antigen, BCR generates signals provoking various events on B cells, such as cytokinetic change to internalize the antigen, cell activation manifested as up-regulation of surface proteins including B7-2 (CD86), increase in size and cell-cycle entry, and survival or, in some condition, apoptosis. Such cellular events are prerequisites for collaboration with T cells, clonal expansion, and terminal differentiation to antibody-secreting or memory cells, or selftolerance (1) . Recently, it was shown that the continued presence of BCR, without obvious antigen binding, is required for the persistence of mature B cells (2) , suggesting that BCR on the cell surface constitutively signals the survival and perhaps maturation of the cells. The preBCR has a similar structure to BCR, and is composed of Ig-␣͞Ig-␤, H chain (H) and the surrogate L chains, 5 and V preB . The formation of the preBCR is critical for early B cell development because the mice lacking the components of the preBCR exhibit a developmental block at the proB cell stage (3) (4) (5) (6) (7) (8) and loss of H chain allelic exclusion (9, 10) . The developmental block presumably stems from the lack of pre-BCR-signaled proliferation and͞or survival of preB cells and the following differentiation into small, resting preB cells, the major site of L chain gene rearrangement (11, 12) .
Ig-␣͞Ig-␤ transduces the signal from BCR or preBCR primarily through the activation of tyrosine kinases such as Src-family kinases, Lyn, Fyn, Blk, or Syk and Btk kinases. These kinases phosphorylate various signaling intermediates, including enzymes such as phospholipase C (PLC),␥2, phosphatidylinositol 3-kinase, and Vav, or adaptor molecules such as Shc, Grb2, Nck, and HS1 (13) (14) (15) . Deficiency of either one of the Src-family kinases did not cause serious impairment of B cell development or weakening of BCR signaling. On the other hand, Syk deficiency caused early block of B cell development at proB cell stage, indicating that Syk is primarily responsible for preBCR signaling (16, 17) . Mutations in the btk gene were identified as being responsible for X-linked agammaglobulinemia (Bruton's disease) in humans and X-linked immunodeficiency (Xid) in mice. Xid mice, as well as btk gene knockout mice, are characterized by the impaired function of peripheral B cells, primarily because of deficiency of BCR signaling (ref. 18 , and the references therein). Studies have evidenced that Syk and Btk are necessary for activation of PLC␥2 and the following intracellular calcium flux (19) (20) (21) (22) . However, it is unclear how these kinases interact with PLC␥2 or other substrates.
Recently, we isolated a molecule that we termed BASH (for B cell adaptor containing SH2 domain) as a molecule expressed selectively in B cells in the bursa of Fabricius in the chicken (23) . BASH was structurally similar to the T cell adaptor protein SLP-76 (24), became tyrosine phosphorylated upon BCR crosslinking, and bound to Syk and Shc. We also isolated a mouse homologue of BASH whose amino acid sequence was identical to BLNK, with four amino acid differences, and to SLP-65. BLNK was purified as 70͞68-kDa phosphoproteins bound to the SH2 domain of PLC␥1 (25, 26) , whereas SLP-65 as a 65-kDa protein rapidly tyrosine-phosphorylated upon pervanadate treatment in the presence of surface BCR (27, 28) . BASH͞ BLNK͞SLP-65 transcripts and proteins were dominantly expressed in tissues containing B cells, although a weak expression was detected in other tissues, and restricted to B-lineage cell lines. BASH͞BLNK͞SLP-65 was phosphorylated primarily by Syk, translocated into the membrane fraction after BCR stimulation, and bound to PLC␥1͞2, Grb2, Vav, and Nck (23, 26, 27) . It has been proposed that phosphorylated BLNK recruits PLC␥1͞2 to the proximity of Syk, thus facilitating tyrosine phosphorylation and activation of PLC␥1͞2 by Syk, and elevation of intracellular calcium upon BCR stimulation (26) . Analysis of a chicken B cell line deficient for BLNK confirmed this and further revealed that BLNK is necessary for activation of JNK and p38 upon BCR ligation (29) . Recently, it has been shown that BLNK also binds to Btk and mediates the phosphor-ylation of PLC␥1͞2 by Btk (30) . Together, BASH͞BLNK͞ SLP-65 is proposed to function as a scaffold protein to focus various signaling effectors at the plasma membrane for phosphorylation by Syk and͞or Btk.
To elucidate the in vivo function of BASH͞BLNK͞SLP-65 in the development and function of lymphoid system, we used gene targeting in the mouse. Because BASH͞BLNK͞SLP-65 gene was weakly expressed in several nonlymphoid tissues, like liver, kidney, and ovary in the mouse (ref. 26 , and our unpublished results), and its transcripts were identified even in fertilized eggs (DDBJ accession no. C87337), we decided to apply the RAG2-deficient blastocyst complementation assay (31) to avoid possible embryonic lethality or deficiency in tissues other than B or T lymphoid tissues. Here, we describe B cell development and function in the chimeric mice whose lymphoid system is derived from homozygous BASH-mutant embryonic stem (ES) cells.
Materials and Methods
Targeted Disruption of BASH Genes and Generation of Chimeric Mice.
cDNA containing complete mouse BASH coding sequence (DDBJ͞EMBL͞GenBank accession no. AB015290) was obtained by standard PCR and 5Ј-rapid amplification of cDNA ends method (Marathon cDNA amplification kit; CLONTECH) based on an incomplete cDNA sequence identified as a homologue of chicken BASH in GenBank (BCA, accession no. AJ222814). Using the mouse BASH cDNA as a probe, a EMBL4 genomic library from TT2 ES cell line (Lifetech Oriental, Tokyo) was screened, and a 17-kb genomic fragment containing an exon encoding amino acids 39-55 of BASH and the flanking introns was isolated. A HindIIIXbaI genomic fragment was used in the gene-targeting vector (pBASHneotk), in which a part of the exon and the following intron (EcoO109I-EcoRI) was replaced with two fragments: (i) BamHIMluI fragment of pEGFP-C1 (CLONTECH) containing threeframe stop codons and an SV40 polyadenylation signal; (ii) Pgkneo r flanked with loxP sites derived from pKSTKNeoLoxP (a gift of W. Reith, University of Geneva Medical School; see Fig. 1a ). The vector also contains HSV-tk gene for negative selection (32) . The linearized vector was electroporated into B6III ES cells (33) and the cells were selected by G418 (0.2 mg͞ml; Wako Biochemicals, Osaka) and Gancyclovir (0.5 g͞ml; Syntex, Palo Alto, CA). Drug-resistant colonies were screened for homologous recombination events by PCR with 5Ј-primer (5Ј-TGCTAAAGCGCAT-GCTCCAGACTG-3Ј) and 3Ј-primer (5Ј-ATGCTTGACAGTGT-GGGCTTCTGT-3Ј) as described (3) . Positive colonies were propagated and verified by Southern blot analysis for a precise targeted event ( Fig. 1 b, e, and f ) . The heterozygously targeted clones were transfected with a vector expressing Cre recombinase and puromycin-resistant gene (Cre-Pac; ref. 34 ) and selected with puromycin (0.5 g͞ml) for 54 hr. The resistant colonies were tested by neomycin-sensitivity and PCR (Fig. 1c , and data not shown) for the deletion of Pgk-neo sequence by loxP-mediated recombination from the targeted allele. An ES cell clone that had undergone this recombination (BASH ϩ/Ϫ ) was transfected again with pBASHneotk and screened as above to derive a homozygously targeted (BASH Ϫ/Ϫ ) clone (Fig. 1d ). Southern blot analysis was performed with BamHI-digested genomic DNA from ES-cell clones and probes A and B ( Fig. 1 e and f ) . BASH ϩ/Ϫ and BASH Ϫ/Ϫ ES cell clones were injected into blastocysts obtained from RAG2 Ϫ/Ϫ mice that had been backcrossed to BALB͞c mouse strain (a gift of Y. Shinkai, Institute for Virus Research, Kyoto University), as described (31) .
Flow Cytometry. Single-cell suspensions were prepared from lymphoid organs, and red blood cells were lysed in hypotonic buffer. After washing, cells were stained with anti-mouse antibodies conjugated with FITC, phycoerythrin (PE), or biotin, followed by streptavidin (SA)-RED670 (GIBCO) in the latter case, and analyzed on FACSort with CELLQUEST software (Becton Dickinson).
Monoclonal antibodies (mAbs), FITC-conjugated anti-CD3 (145-2C11), CD4 (RM4-5), CD43 (S7), CD25 (7D4), CD5 (53-7.3), Mac-1 (M1͞70), PE-conjugated anti-CD8␣ (53-6.7), B220͞CD45R (RA3-6B2), and biotin-anti-Ly9.1 (30C7) were purchased from PharMingen; PE-anti-IgD mAb (SBA-1), FITC-goat-anti-and , and FITC-or PE-goat-anti-IgM (H chain-specific) were from Southern Biotechnology Associates. Biotin-goat-anti-IgM (H) was from Cappel. Biotin-SL156 (35) was provided by H. Karasuyama (The Tokyo Metropolitan Institute of Medical Science). For the analysis of B cell activation, spleen cells were depleted of T cells as described below, stimulated with 10 g͞ml goat antimouse IgM F(abЈ) 2 fragment (Jackson Laboratory) for 24 hr, then stained with PE-anti-B220 and FITC-anti-B7-2 (GL-1; a gift of R. Abe, Research Institute for Biological Sciences, Science University of Tokyo, Chiba). B220 RNase A, stained with propidium iodide, and analyzed for DNA content by FACSort, as described (36) . Serum Ig Titration. Igs in serial dilutions of serum were measured by ELISA using antibody pairs specific for different mouse Ig isotypes (PharMingen). 2,2Ј-Azino-bis (3-ethylbenz-thiazolne-6-sulfonic acid) was used as a substrate for the horseradish peroxidase (HRP)-conjugated secondary antibodies, and the absorbance at 405 nm was measured in a microplate reader (Bio-Rad).
Western Blot Analysis. Polyclonal anti-BASH antibody was produced by immunizing a rabbit with keyhole limpet hemocyaninconjugated peptide corresponding to mouse BASH (amino acids 42-52). Whole-cell lysates were subjected to SDS͞PAGE and blotted onto nitrocellulose filter. BASH protein was detected by the above antibody and HRP-conjugated goat-anti-rabbit or IgG (Zymed), and developed with ECL system (Amersham Pharmacia). The filter was stripped and reprobed with biotin-goat anti-mouse IgM (Cappel) and SA-HRP (Calbiochem).
Results and Discussion
Generation of Chimeric Mice with BASH-Deficient Lymphoid System.
The genes encoding BASH were disrupted sequentially in C57BL͞6-derived ES cells (33) by insertion of translational stop codons and polyadenylation signal into an exon coding the N-terminal portion of BASH protein by means of homologous recombination (Fig. 1 a-d) . The BASH alleles were precisely targeted as shown by Southern blot analysis ( Fig. 1 e and f ) . Heterozygous (ϩ͞Ϫ) or homozygous (Ϫ͞Ϫ) mutant ES cell clones were injected into blastocysts from lymphocyte-deficient RAG2 Ϫ/Ϫ mice on the BALB͞c genetic background, to generate chimeric mice in which any lymphocyte must be derived from the mutant ES cells (31) . Indeed, analysis of the Ly9.1 allelic marker indicated that T and B lymphocytes in the chimeric offspring were all derived from ES cells (Ly9.1 Ϫ ), not from the recipient (Ly9.1 ϩ ) (data not shown). No BASH protein was detected by Western blot analysis in B cells derived from the homozygous mutant ES cells (Fig. 1g) . Eight-to 16-week-old chimeric mice were used for the analyses shown hereafter, unless otherwise noted. , chimera had normal numbers of thymocytes and no apparent defects in T cell development, as demonstrated by the expression of CD4 and CD8 on thymocytes (data not shown) and normal numbers of T cells in spleen (Fig. 2a) . This result is consistent with the fact that BASH is not expressed in T cells (refs. 23, 26 , and 27; and our unpublished results), and indicates that the generation of common lymphoid precursors from the mutant ES cells is intact. (Fig. 2 a  and c) . This was supported by Western blot analysis showing that BASH Ϫ/Ϫ B cells express more H chain than wild-type B cells on a per-cell basis (Fig. 1g ). An almost identical phenotype was observed with lymphocytes in the blood (data not shown). These results indicate that BASH is critical for maturation and expansion of B cells in the peripheral lymphoid system. The B cells in the peritoneal cavity consist of two phenotypically distinct subpopulations: IgM expressed IgM uniformly at a high level in contrast to those of wild-type mice or BASH ϩ/Ϫ RAG2 Ϫ/Ϫ chimera expressing IgM heterogeneously. This, as well as the phenotype of spleen B cells, may indicate that BASH Ϫ/Ϫ B cells require a high amount of IgM on the cell surface to compensate for inefficient BCR signaling for expansion and͞or survival (2) . In accord with the reduction of B cells in the periphery, the levels of all Ig classes were markedly reduced in the sera of BASH Ϫ/Ϫ RAG2 Ϫ/Ϫ chimeras (Fig. 2d) . The level of IgG1, but not the other classes, was constantly reduced also in BASH ϩ/Ϫ RAG2 Ϫ/Ϫ chimeras, the reason for which is currently unknown.
Accumulation of Noncycling Large PreB Cells and the Lack of Small
PreB Cells in the Bone Marrow of BASH ؊/؊ Chimeras. B cells are generated from hematopoietic stem cells through proB, large preB, and small preB cell stages in the bone marrow (1). As reported previously (5) (Fig. 3a) . A similar block had been observed in mice deficient for the components of preBCR, such as membraneform H and 5 (3, 4, 38) ; thus, it has been established that preBCR signaling is essential for the proB to preB cell transition (1) (Fig. 3a, Left) . Thus, in the pro͞preB cell fraction (the leftmost two windows in the dot plots in Fig. 3a (Fig. 3b, R3 and R1, respectively). These results indicate that CD43 low , CD25 low , large preB cells expressing preBCR on their surface were abnormally accumulated in the bone marrow of BASH Ϫ/Ϫ RAG2 Ϫ/Ϫ chimeras. Although large in cell size, most of the BASH Ϫ/Ϫ large preB cells were not in cell cycle, in contrast to the normal, large preB cells (Fig. 3c) . Therefore, BASH appears to be necessary for preBCR signaling that promotes preB cells to enter into cell cycle, and this cycling is likely to be a prerequisite for downregulation of preBCR expression and the subsequent differentiation into small preB cells. These results also indicate, however, that BASH is not essential for preBCR signaling for the development of large preB cells from proB cells.
Despite the lack of small preB cells, the production of B cells was not severely reduced in the bone marrow of BASH Ϫ/Ϫ RAG2 Ϫ/Ϫ chimera. This may suggest an alternative pathway of B cell development that does not go through the small preB cell stage as suggested by the leaky B cell development in 5-knockout mice (4, 39). In the latter mice, however, B cell generation is very inefficient because it depends on rare L chain gene rearrangements occurring on the proB cell stage (12, (38) (39) (40) . Therefore, it is possible that the L chain gene rearrangement remains effective in the BASH Ϫ/Ϫ large preB cells because of impaired preBCR signaling, which normally downregulates the expression of RAG genes in large preB cells (41) . This possibility remains to be tested. (Fig. 4b) . In contrast to wild-type or BASH type, although a possibility that BASH might be involved in CD40 and LPS receptor signaling cannot be ruled out.
Although the in vivo immune responses have not been analyzed because they cannot be evaluated properly in chimeric mice with variable frequencies of T and B cells, so far, the observed phenotype of peripheral B cells in BASH Ϫ/Ϫ RAG Ϫ/Ϫ chimeras is similar to that of Btk-knockout mice or Xid mice (see ref. 18 and references therein). Both are characterized by the reduced number of mature B cells (with more severe reduction in BASH Ϫ/Ϫ RAG Ϫ/Ϫ chimera), the lack of the peritoneal B-1 cells, serum Ig deficiency, and defective proliferative responses to anti-IgM, anti-CD40, and LPS in vitro. This suggests a role for BASH in the function of Btk in the peripheral B cells. This is in line with the observations indicating that BASH͞BLNK is necessary for BCR-mediated activation of PLC␥2 and the following intracellular calcium flux (29) , for which Btk is also crucial (20, 21) , and that BASH͞BLNK binds to Btk in addition to PLC-␥2, thus mediating PLC-␥2 phosphorylation by Btk (30) . Taken together, BASH may be critical for the BCR signal transduction mediated by Btk that induces maturation and activation of peripheral B cells.
During the submission of this manuscript, the phenotypes of two mutant strains of mice deficient for BASH͞BLNK͞SLP-65 have been published (42, 43) . The phenotypes of these mutants were mostly equivalent to that of BASH Ϫ/Ϫ chimeric mice shown here, although the early B cell development was not analyzed in detail in the former. One marked difference is that Pappu et al. (43) have described that CD86 and CD69 were normally up-regulated on spleen B cells of their BLNK-deficient mice after BCR crosslinking, whereas we did not detect any significant up-regulation of CD86 (Fig. 4b) and CD69 (data not shown) by the same anti-IgM F(abЈ) 2 treatment. The reason for this discrepancy is unclear, but it might be because they stimulated whole spleen cells, whereas we used spleen cells depleted of T cells. The data indicating that the combination of T cell-mediated stimuli (i.e., anti-CD40 ϩ IL-4) partially promoted the proliferation of BASH Ϫ/Ϫ B cells (Fig. 4a,  and ref. 42 ) may support this possibility.
